Robust monitoring techniques for perennial crops have become increasingly possible due to technological advances in the area of Remote Sensing (RS), and the products are available through the European Space Agency (ESA) initiative. RS data provides valuable opportunities for detailed assessments of crop conditions at plot level using high spatial, spectral, and temporal resolution. This study addresses the monitoring of coffee at the plot level using RS, analyzing the relationship between the spatio-temporal variability of the Leaf Area Index (LAI) and the crop coefficient (Kc); the Kc being a biophysical variable that integrates the potential hydrological characteristics of an agroecosystem compared to the reference crop. Daily and one-year Kc were estimated using the relation of crop evapotranspiration and reference. ESA Sentinel-2 images were pre-analyzed and atmospherically corrected, and Top-of-the-Atmosphere (TOA) reflections converted to Top-of-the-Canopy (TOC) reflectance. The TOCs resampled at the 10m resolution, and with the angles corresponding to the directional information at the time of the acquisition, the LAI was estimated using the trained neural network available in the Sentinel Application Platform (SNAP). During 75% of the monitored days, Kc ranged between 1.2 and 1.3 and, the LAI analyzed showed high spatial and temporal variability at the plot level. Based on the relationship between the biophysical variables, the LAI variable can substitute the Kc and be used to monitor the water conditions at the production area as well as analyze spatial variability inside that area. Sentinel-2 products could be more useful in monitoring coffee in the farm production area.
The coffee plantations culture has generally been developed on traditionally owned plots. The plot area is relatively small, and those can be treated as a homogeneous area to the monitoring because they are typically formed by the same variety of plants, area of the same age and receive the same amount of fertilizer and the cultural treatments.
An alternative to perennial shrub coffee monitoring is the use of remote sensing tools. Particular attention has been paid to free data sources, such as those provided by the Global Monitoring for Environment and Security (GMES), an initiative of the European Space Agency (ESA). Sentinel-2 is one of the earth observation satellites used by the ESA that provides invaluable information. This satellite overcomes the problems of Landsat satellites by incorporating three new spectral bands in the red spectral region centered at 705, 740 and 783 nm, providing an improved temporal and spatial resolution of 10m (Delegido et al., 2011; Vuolo et al., 2016) which is essential for the estimation of chlorophyll content.
The Sentinel-2 current mission consists of two identical satellites, the Sentinel-2A, launched in June 2015, and the Sentinel-2B, launched in January 2017. Although released separately, the satellites were placed in the same orbit, separated by 180°. Every five days, the satellites together cover almost the entire land surface between latitudes 84° S and 84° N, optimizing global coverage and improving temporal resolution.
Processing Sentinel-2 information is possible through the use of the Sentinel Application Platform (SNAP) software, which contains state-of-the-art tools to perform atmospheric correction processes to obtain the highest resolution of Top-of-the-Canopy (TOC) spectral reflectance. With the TOCs and a machine-learning algorithm, available in the SNAP, the monitoring of the biophysical variables of the vegetation can be realized for smallholders.
Leaf Area Index (LAI) and chlorophyll content, at canopy and plot level, are essential variables for agricultural applications because of their crucial role in photosynthesis and plant functioning (Clevers et al., 2017) .
With the LAI, it is possible to define a dimensionless quantity that characterizes plant canopies. In other words, the one-sided, photosynthetically active elements of leaf area per unit ground surface area, determine the interface of the exchange of energy or mass between the canopy and atmosphere (Weiss & Baret, 2016) .
At the plot level and for various ecosystems, LAI can be considered an important parameter to analyze coffee ecosystem services (Taugourdeau et al., 2014 ). An increase of LAI due to shade-grown coffee interfere with the microclimate (Barradas & Fanjul, 1986; Ong et al., 2000) , evapotranspiration (Padovan et al., 2018) , hydrological behavior (Gómez-Delgado et al., 2011) , erosion control (Ataroff & Monasterio, 1997) , biomass and growth (Rodríguez-López et al., 2014) production (Alves et al., 2016) and net primary productivities (Defrenet et al., 2016; Charbonnier et al., 2017) .
Among the variables that affect coffee development and productivity, water availability plays an important role, but it is difficult to monitor. Water management is vital in modern agriculture, particularly for perennial shrubs such as coffee. Proper detection and monitoring of soil water conditions, therefore, became essential not only in mitigating the associated adverse impacts on crop growth and productivity but also in reducing expensive and environmentally unsustainable irrigation practices (Chemura et al., 2017b) . Information on crop evapotranspiration (ETc), which represents the combined loss of water due to evaporation of the soil surface and transpiration of the crop, may facilitate better irrigation planning and, finally, water use efficiency (Akdim et al., 2014) but also improve the efficiency of cultural practices such as fertilization.
Generally, the Evapotranspiration of crops (ETc) calculations are realized by adjusting the reference evapotranspiration (ETo) by the empirical crop coefficient (Kc), i.e., ETc = Kc × ETo. The single values of Kc have been estimated for different cultures (Allen et al., 1998) . That calculation integrates the water consumption characteristics of the crop surface under study with those of a reference crop (usually grass) that completely covers the soil surface. The Kc varies with age, size, and spacing (Allen et al., 1998; Carr, 2001) .
The aim of the present study at the plot level was to reveal the monitoring of coffee shrubs with the use of information from the Sentinel-2, through the spatial-temporal analysis of the Leaf Area Index (LAI) and the Crop Coefficient (Kc).
Method

Characterization Site-Monitored
The study area located in the Atlantic Rainforest biome, in the eastern portion of the State of Minas Gerais, in Southeastern Brazil, monitored in the Matas de Minas region, at an altitude of around 650 m, between the municipalities of Viçosa and Paula Cândido (Figure 1 Al cmolc dm
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Satellite Data and Leaf Area Index (LAI)
For the present study, approximately 30 images provided by ESA were the pre-analyzed (https://scihub.copernicus.eu). Eight images were acquired because they had adequate processing conditions, such as cloudiness and/or low cloudiness.
The selected images were initially atmospherically corrected with the Sen2Cor plugin (version 2.05.05) and processed using the Sentinel Application Platform (SNAP) toolbox extension (Louis et al., 2016) . The tool has excellent performance in the correction procedures due to the algorithm used, which it has on the APDA (Atmospheric Precorrected Differential Absorption). This algorithm calculates the ratio between the band B8A (Vegetation Red Edge) and the band B09 (Water Vapour) to convert the TOA to Bottom-of-Atmosphere (BOA), which represents the lower part of the atmosphere (Gascon et al., 2017) .
With the BOA, we acquired the Top-of-the-Canopy (TOC) spectral reflectance, and next, we adjusted to a resolution of 10 m. Two components, the TOCs in high resolution and with capture angles (Table 2) , were the inputs to estimate the biophysical variable Leaf Area Index (LAI). Table 2 provides an overview of the Sentinel-2 images available for the coffee plot monitoring throughout the annual productive cycle (2016) (2017) and the angles used as inputs in the trained neural network to estimate the LAI.
We considered that the adopted methodology is efficient. However, because of the several sources of uncertainty associated with the inputs and the algorithm calibration, we used a tolerance margin taken for the LAI product, which oscillated from 0 to 8 (Weiss & Baret, 2016) .
The LAI for each date estimated was projected in cartographic coordinates (projection UTM/WGS84). A polygon demarcated that represents the weather shelter boundaries was used to check the geometric co-registration and extraction of pixels to correlation analysis ( Figure 1c ). 
Analysis of the Crop Coefficient (Kc) and the Leaf Area Index (LAI)
In order to process the data and perform the qualitative spatial and temporal analysis of the LAI of the field monitored, as well as in the correlation analysis between the Kc and LAI variables, the functions of the libraries used were "ggplot2" (Hadley Wickham, 2009 ) "dplyr" (Wickham et al., 2018) , "nortest" and "vcd" (Meyer et al., 2017) available in the free software R Development Core Team (2008).
Results
Temporal Variability of the Coffee Crop Coefficient (Kc)
The Crop 
Variab
In the eig atmospher 2016 Vol. 11, No. 15; In the 2017/2018 coffee-harvest, the monitored plot showed a yield of 38.5 bags of 60 kg per hectare; these are considered higher than the average of the Mata-MG region (26.34 scs ha -1 ) (Conab, 2018) . The above indicates that the nutritional corrections of the crop and agronomic treatments were carried out efficiently.
Using a weather shelter with temperature sensors inside the plot was a practical and economical option for daily variable monitoring compared to complete automatic weather stations (EMAs). The latter are instruments permanently exposed to biological activity (bees hives, spider nets or sensor shading by Leaf growth) generating faults or errors. The shelter guaranteed the series of continuous records for the calculation of crop evapotranspiration by the Hargreaves method and then analyzed the temporal variability of the coffee crop coefficient (Kc).
The Kc values obtained in this study are consistent with those found in the literature for coffee crops (Doorenbos & Pruitt, 1977; Allen et al., 1998; Villa Nova et al., 2002; Marin et al., 2005; Oliveira et al., 2007; Sato et al., 2007; Pereira et al., 2011; Flumignan et al., 2011) .
For coffee shrubs with a height of 2 m to 3 m (Allen et al., 1998) , indicated the value of Kc from 0.90 to 0.95 and from 1.05 to 1.10 in the bare ground cover and with weeds, respectively. However, this estimation is applied to sub-humid climate. Besides, Doorenbos and Pruitt (1977) indicated for mature coffee grown without shade and where cultural practices involve clean cultivation with heavy cut grass mulching, Kc of around 0.9 is recommended throughout the year. If significant weed growth is allowed, coefficients close to 1.05-1.1 would be more appropriate. However, in the results of the present study, in 75% of the 366 days of monitored temperature, Kc (one year of evaluation) ranged from 1.2 to 1.3.
In Brazil, the leading coffee producing country in the world, experiments to determine the crop coefficient for the improvement of cultural practices such as irrigation, are scarce. Irrigated coffee cultivation has become an essential practice since 1984, favoring the implementation of crops in areas that have water or marginal deficits, but most of the studies conducted only verify the increase in production or test irrigation methods (Mantovani et al., 2007) . In the publication of Villa Nova et al. (2002) argued that coffee crops between 12 and 36 months of age could have Kc ranging from 0.8 to 1.1. On the other hand, those older than 36 months, Kc values can range from 1.0 to 1.3. Also, the authors point out that at a density of 2,500 plants per hectare, the Kc can be 0.8, and for 6,666 plants per hectare, the Kc can be 1. According to Sato et al. (2007) , after four years of pruning the coffee had Kc values ranging from 0.59 to 1.16. Marin et al. (2005) characterized the water used by the coffee shrub in the drip irrigation system and estimated with a net radiometer (Kipp & Zonen sensors) the Kc value. The results of Kc showed a range from 0.6 to 1.9 and average 1, throughout the monitoring. Another study evaluating the irrigation management system for the 36-month-old coffee in the State of Goiás revealed Kc values ranging from 0.92 to 1.51 Oliveira et al. (2007) . Also, the study by Flumignan et al. (2011) , presented Kc results from 0.5 to 1.5 in three-year-old coffee shrubs grown on weighing lysimeter and different irrigation systems (spraying and dripping).
Experimental results indicate that Kc depends on several factors characteristic of the coffee shrub, including the stage of growth of vegetation, plant density, row spacing, and canopy architecture and/or cultural practices; the presence of the spontaneous plants between the rows of the crop alter the values of Kc (Allen et al., 1998; Villa Nova et al., 2002; Pereira et al., 2015) . Flumignan et al. (2011) also argued that the study presents discrepancies between Kc values of coffee according to the factors mentioned, besides the number of evaluation days and their distribution throughout the year, irrigation management or methodologies used to determine evapotranspiration (ET).
In Brazil, due to the territorial extension, wide climatic variability, diversity of production systems and coffee irrigation methods, it is necessary to quantify the water needs of the crop and to ensure the correct irrigation management through dynamic monitoring.
The size of the vegetation transpiration surface can be related to the leaf area since the leaves are the primary organs that participate in the transpiratory process, responsible for the gas exchange with the environment. On the other hand, at the plot level, the loss of water from the crop can be represented by the Leaf Area Index (LAI), which is defined as the ratio between the leaf area (one side only of the leaf) and the area of land occupied by the crop. Thus, LAI is dimensionless and expresses the relative size of the leaf area when in competition for natural resources (water, nutrients, and light) (Pereira et al., 2008) .
Leaf Area Index is a parameter that is difficult to measure but very useful. Most studies use destructive methods to quantify LAI, Coltri et al. (2015) . In this study, the LAI at the plot-monitored level over eight dates during one year, the results representing the temporal and spatial variation of the variable. The trained neural network provided LAI values ranging from 0.6 to 5.6.
The study of Coffee LAI, a parameter derived from MODIS sensor (Moderate Resolution Imaging Spectroradiometer) realized by Taugourdeau et al. (2014) in the central Caribbean region, reports that the seasonal variation of the LAI ranged from 2.4 to 4.4. The authors indicate that, for perennial crops such as coffee, LAI may vary seasonally due to abiotic factors such as drought, shade, temperatures, and biological factors, such as diseases and overproduction, or even by pruning or fertilization. Brazilian studies that periodically evaluated LAI values using allometric measurements indicated results from 0.27 to 2.98 (Pereira et al., 2011) and from 2.3 to 8.7 (Flumignan et al., 2011) . Pereira et al. (2011) report that the LAI increases linearly as the coffee grows. On the other hand, Flumignan et al. (2011) reported that LAI showed large oscillations throughout the measurements in all treatments evaluated with irrigated, non-irrigated and controlled and that tendency was observed in the present study (Figure 4 ). To Flumignan et al. (2011) the empirical IAF for the control treatment, in coffee plants with an approximate age of 36 months, went from 2.7 to 4.7, and in the following months, it decreased and reduced to values below 2.7, and later, in the LAI again increased.
According to Carr (2001) , water stress reduced the total leaf area of container-grown plants and explained that there is much evidence of the sensitivity of coffee stomatal conductance to the prevailing atmospheric conditions and in principal are high total irradiance (1000 W m -2 ), air temperature (26-30 °C) and saturation deficit (> 1.6 kPa) These are conditions where the stomata remained closed all day.
In Brazil, coffee grows actively from the first rains of the year, which occur between September and October. During this period, vegetative growth happens at the rate of 1.1 leaves per month, peaking in the summer, with 1.6 leaves per month. Then, with the reduction of rainfall and temperature (in addition to the nutritional effect and photoperiod), the plant rests, growing at only 0.5 pairs of leaves per month (Matiello et al., 2015) . This seasonal variability may also influence the LAI values.
Also sometimes some periods in a year, the locally measured coffee shrub experience higher soil evaporation (E) than leaf area transpiration (T) and Kc serves the critical purpose of representing averaged E and T process (Pereira et al., 2015b) . In this work, the negative correlation between the two biophysical variables analyzed (Figure 7 ) may be acceptable (or reasonable) since the estimated Kc values by Allen et al. (1998) ; Doorenbos and Pruitt (1977) ; Flumignan et al. (2011); and Sato et al. (2007) ; and the LAI values by Taugourdeau et al. (2014) ; Pereira et al. (2011) were consistent with the results.
Monitoring the LAI at the plot level with Sentinel-2 products makes it possible to understand the state of the coffee as a whole. In this study, the LAI spatial variability analysis indicated that the lowest values were found at specific sites during monitoring ( Figure 5 ), which are probably related to soil variability or deficiency of some mineral elements such as boron. Currently more monitoring time is required to confirm this trend.
The Sentinel-2 products are of quality, with an excellent spatial resolution of 10 m. They can monitor approximately 51 coffee shrubs per pixel, but they demand high computational capacity and data storage, beside technical personnel prepared for the processing and interpretation that, for coffee smallholders, is not easily accessed.
Conclusions
Sentinel-2 products make it possible to monitor the coffee crop at the plot level. The relationship between Leaf Area Index (LAI) and Crop Coefficient (Kc) indicates that LAI can be used to monitor crop water conditions. The use of the LAI in substitution for Kc makes it possible to identify the state of the coffee tree regarding age, spacing, natural vegetation as well as the variability of the plot, having a more reliable estimate of the available water conditions for the crop.
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